In egg-laying species, such as the chicken, the mode of transport of lipoprotein particles from the capillary plasma to endocytic receptors on the oocyte surface is largely unknown. Here we show by molecular characterization that the large prominent heparan sulfate proteoglycan of extracellular matrices, termed perlecan or HSPG2 (the product of the hspg2 gene), is a component of ovarian follicles that may participate in this process.
SUMMARY
In egg-laying species, such as the chicken, the mode of transport of lipoprotein particles from the capillary plasma to endocytic receptors on the oocyte surface is largely unknown. Here we show by molecular characterization that the large prominent heparan sulfate proteoglycan of extracellular matrices, termed perlecan or HSPG2 (the product of the hspg2 gene), is a component of ovarian follicles that may participate in this process.
However, while normally a major HSPG of basement membranes or basal laminae, in chicken follicles perlecan is absent from the membraneous structure between the theca interna and granulosa cell layers, which to date has been considered a bona-fide basement membrane. Rather, the protein is localized in the extracellular matrix of theca externa cells, which produce this HSPG. Furthermore, in chicken testes, perlecan is localized in the peritubular spaces, but in less organized fashion than the classical basement membrane components, agrin and laminin. All five domains and structural hallmarks of chicken perlecan (4071 residues) have been conserved in its mammalian and assembly is one of the prerequisites for the normal growth of the follicles' central giant germ cell, the oocyte. In the final 7-day period of rapid growth, the oocyte is surrounded by a concentric arrangement of, from the periphery inwards, (i) vascularized connective tissue representing an extension of the follicle stalk, (ii) the theca proper, which can be divided into the theca externa, a broad layer of stratified cells with embedded capillaries, and the theca interna, a narrower zone of loosely packed cells also containing capillaries, (iii) an acellular layer commonly designated as "basal lamina", (iv) an epitheloid layer of granulosa cells, and (v) the zona pellucida. Previous studies (1, 2) have demonstrated that oocyte growth and development are achieved through the unprecedentedly efficient uptake of hepatically synthesized yolk precursor proteins by multifunctional oocytic plasma membrane receptors belonging to the low-density lipoprotein receptor (LR) gene family. We have previously shown that at least two such receptors, termed LR8 (3) (4) (5) and LRP380 (6) , mediate yolk formation via uptake from the serum compartment of macromolecules including very low density lipoprotein (VLDL), vitellogenin (VTG), and α 2 -macroglobulin.
The size of serum-borne VLDL particles, on the order of 40 nm diameter (7, 8) , poses a question: how do these large complex molecules gain access to the oocytic plasma membrane in the core of the follicle? Detailed ultrastructural studies in the late 1970's (9) established that the endothelium of capillaries within the theca layer shows extensive fenestrae with widths of up to 50 nm, many of which appear to provide direct access from the lumen to the pericapillary space. Thus, when macromolecules are relased from the capillary serum compartment, they first encounter extracellular matrices, from where they must be free to diffuse across the basal lamina, through gaps between granulosa cells, and past the zona pellucida, in order to home in on high-affinity endocytic receptors on the oocyte surface. The so-called basal lamina or basement membrane, which separates granulosa cells from theca interna, has previously shown to be permeable to serum-derived VLDL particles (10, 11) . These studies suggested that the high concentration of the particles residing within the membrane is related to its permeability for VLDL in the fluid phase (11) .
Inasmuch as previous studies have not adressed the molecular nature of this follicular membrane to any extent, and as it is generally accepted that the heparan sulfate proteoglycan, perlecan, is an important functional component of basement membranes, we have initiated studies on chicken perlecan.
Mammalian perlecans (12, 13) are comprized of five domains, of which only the first, a heparan sulfate-binding region, is unique. The other four domains, from the N-terminus, are homologous to the LDL receptor, the N-terminal region of laminin A and B short arms, NCAM, and the globular C-terminus of the laminin A chain, respectively. Molecular characterization of the first avian perlecan shows that this protein has been well conserved in mammalian species and is synthesized by theca cells, but is absent from the membrane that separates theca from the granulosa cell layer. Based on ligand binding results with perlecan's recombinant LDL receptor-homologous domain, we propose that it may function in extracellular transient retention of yolk precursor molecules released from the capillary bed. were purchased from Heindl (Vienna) and maintained on layer´s mash with free access to water und feed under a daily light period of 14h.
Isolation of chicken perlecan cDNA. The mouse HSPG2 cDNA fragments BG5 (2,0 kb) and BG7 (2,2 kb) (14) (kindly provided by Dr. J. Hassell, Shriners
Hospital for Children, Tampa, U.S.A.) were used as probes for screening an oligo(dt)-and random-primed chicken eye λgt11 cDNA library (Clontech).
cDNA probes, derived from the first chicken HSPG2 clone confirmed by sequencing, and from subsequently isolated clones were used to screen further cDNA libraries to obtain full-length chicken HSPG2 cDNA: a chicken muscle λgt11 cDNA library, oligo(dt)-and random-primed (Clontech); a chicken embryo λgt11 cDNA library, oligo(dt)-primed (Clontech); a chicken follicle λgt11 cDNA library, oligo(dt)-and random-primed (Bujo 1994) ; and a laying hen liver ZAP II cDNA library, oligo(dt)-and random-primed (Takara). Inserts were cloned and sequenced. The 5´-end of the coding sequence was obtained by using the 5´/3´-RACE Kit (Roche) and polyAmRNA isolated from the theca layer with the primer 5´-CACGCTGCCCTCCAGCTCCTTGAT-3´, corresponding to nucleotides 412-4 3 5 ; f o r t h e f i r s t P C R r e a c t i o n t h e p r i m e r 5´-GCCATCTGCAGACGCTTCATCTGC-3´ corresponding to nucleotides 172 -1 9 5 , a n d f o r t h e s e c o n d P C R r e a c t i o n 5´-CGTGTCCTCAGGGAAGGAGCTCTC-3´ corresponding to nucleotides 76 -99 were used. Further cloning details are available upon request.
RNA preparation and Northern blot analysis. Total RNA was isolated from various chicken tissues using TRI reagent (Molecular Research Center, Inc.).
Total RNA (30 µg) was subjected to electrophoresis on a 1% agarose gel in the presence of glyoxal (15) , blotted and covalently bound by UV cross-linking onto a positively charged nylon membrane (Amersham). The following probes were used: for chicken perlecan, a 339 bp fragment corresponding to nucleotides 6872 -7210; for chicken agrin, the cDNA-clone pBG5 (16); for chicken laminin B1, 845 bp corresponding to nucleotides 363 to 1207, and for chicken beta-actin, 340 bp corresponding to nucleotides 627-966, respectively.
The probes were labeled with dCTP 32 by random priming and hybridization 6 was performed under standard conditions. The blots were subsequently exposed to X-ray film with intensifying screen at -80 °C. (17) were expressed in the E. coli strain Top10F´ (Invitrogen). After induction with 2 mM IPTG for 4 h, the proteins were purified and folded essentially as described (18) . GST-RAP-myc was purified using Glutathione Sepharose 4B (Amersham Pharmacia Biotech). As described previously (18) , the pMAL-perl2 Preparation of lipoproteins and cell uptake studies -Very low density lipoprotein (VLDL) and LDL were isolated from the serum of laying hens by differential floatation as described previously (19) .
Cloning of the chicken perlecan
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I-VLDL was generated by the iodine monochloride method as described (18) 90 residues) shows similarities to a conserved sequence called SEA (sperm protein, enterokinase, and agrin) module, which has diverse functions in Oglycosylated proteins (27) . Domain II, characterized by homology to the LDL receptor, is comprised of 199 residues and contains 4 LA repeats, which are 40-residue-long motifs with clusters of negatively charged residues typically in the sequence Ser-Asp-Glu (SDE), and with six cysteines each (28) . As in mammalian perlecans, the first LA repeat is separated from the other three by a cysteine-free, proline-rich linker sequence. In chicken perlecan, the linker comprises 38 residues with a proline content of 37%; in human perlecan, 50 residues (22% proline), and in the murine protein, 50 residues (26% proline). Shorter linker sequences between two LA repeats are a hallmark property of LA repeat clusters in practically all members of the LR supergene family.
RESULTS
Cloning of chicken HSPG2-
The presence and structure of the single 96-residues Ig-like repeat between Domains II and III have been conserved from the chicken to mammals, and is also present in the C. elegans homolog (29, 30) . The 1168-residue-long Domain III contains four subdomains consisting of internal cysteine-rich repeats similar to those typically found in domains III and V of the short arm of the laminin A and B chains (31) (32) (33) (34) (35) (36) (37) (38) . An Arg-Gly-Asp triplet which confers cell binding (39, 40) found in murine perlecan domain III is absent from the avian protein. Overall, the chicken protein's Domain III is over 60% identical to the primary sequence of murine and human perlecan. Domain IV contains 18 consecutive copies of homologous repeats, which are similar to the Ig repeats in N-CAM (41) . Like the single Ig repeat between Domain II and III, all of the 18 repeats in Domain IV are about 100 residues in length, and show all the sequence characteristics ascribed to these motifs (41, 42) . With a total of 19 of these repeats, the chicken protein is positioned between murine (total of 15 repeats) and Drosophila (14 repeats total) and human perlecan (22 repeats total) (13, 43) . The largest isoform of the C. elegans homolog contains a maximum of 17 Ig repeats (44) .
Domain V, termed the laminin A chain-G-like domain (45) , resembles the large carboxyl-terminal globular G domain of the A chains of laminin (31, 35, 38) . The three globular folds and the two EGF-like regions separating them are also highly homologous to the corresponding domains in mammalian perlecans (see Fig.1 ). In summary, the chicken perlecan protein sequence is a prime example for the conservation of large multidomain proteins from avian species to mammals, likely indicating important function(s), which in fact may be exercised by the individual portions of the large molecule.
Partial genomic structure of chicken perlecan-We gained insight into the structure of the chicken hspg2 gene from sequence analysis of two clones, f14
and f20. The two clones overlap in an area representing parts of domain I to the beginnning of the second cysteine-rich repeat of domain III, span a length of 4831 nucleotides, and cover 15 exons separated by 14 introns (Fig. 2) . At the 
Expression pattern of chicken perlecan in various tissues and at different follicular
developmental stages-Next, we determined the expression of chicken perlecan by Northern blotting (Fig. 3) . The vitrous body of the eye, intestine and testis showed a single ~18 kb message. A hybridization signal of the same size was also observed in mRNA isolated from a pool of follicles with sizes ranging from 3 mm to 1 cm in diameter (Fig. 3, foll. ). In skeletal muscle, low levels of transcript were detected, in agreement with previous reports in differentiated myoblasts (47, 48) . Inasmuch as the focus of the current study is the development of extracellular matrices in the ovarian follicle, we compared the expression patterns of laminin and agrin with that of perlecan during the lifespan of a fully differentiated follicle. Fig. 4 shows the results obtained with phase I follicles (termed "white", as they lack yolk), either very small (vsw; 1 mm diameter), small (sw; 1-3 mm diameter) or large (lw; 3-5 mm diameter);
and early phase II follicles, which contain oocytes that have begun to take up were too low to be useful for further analysis, likely due to the interference by the long proline-rich linker (see nucleotide sequence; the linker region is encoded by a region containing 89% G,C), the fusion protein containing LA 2-the recombinant protein for the production of a highly specific antibody against chicken perlecan. The power of using an MBP-LA-cluster fusion protein as antigen has previously been shown in studies on the avian LDL receptor (18) . The polyclonal rabbit antibody against chicken perlecan was designated anti-perl2-4 (Fig. 6A) . Interestingly, in the C. elegans homologue unc-52, the LDL receptor homology domain consists of only three LA repeats, suggesting that these three repeats can function per se. Indeed, the LA 2-4 protein bound receptor-associated protein (RAP), an established in-vitro ligand of all LDL receptor-related proteins (53-55) (Fig. 6B ). As shown in 
Immunohistochemical localization of chicken perlecan and other extracellular matrix
proteins in testis and follicles-Next, we analysed the distribution of extracellular matrix components in rooster testis (Fig. 9) . The interstitial space of testes 
DISCUSSION
The molecular characterization of the first perlecan of a nonmammalian vertebrate reveals several novel aspects about the biology of the most common heparan sulfate proteoglycan component of extracellular matrices.
As outlined below, these aspects include structure/function relationships, the physiological significance of the specialized extracellular matrix in the avian ovarian follicle, and lipoprotein transport into oocytes. The structural features and their conservation during evolution ( will be of interest to examine the significance of the differences both in length and structure between the linkers in various LRs, in particular in avian perlecan and LDL receptor which diverge significantly (18) . In any case, as outlined below, the localization of perlecan in the follicle wall and its ability to bind VLDL are to be considered in view of further recent reports on the potential role of ß-propeller interfaces in protein-protein interaction (72) .
In immunological experiments we demonstrate that the HSPG perlecan is absent from the extracellular matrix separating the thecal cells from the granulosa cell layer. In the absence of molecular details about this membrane, it has been called "follicle basement membrane" or "follicle basal lamina" for over 3 decades (73, 74) , implying that it contains obligatory components of basement membranes. However, studies to be reported elsewhere ( 
